One of the most critical tasks in the development of extreme ultraviolet lithography (EUVL) is the accurate deposition of reflective multilayer coatings for the mirrors comprising the EUVL tool. The second set (Set 2) of four imaging optics for an alpha-class EUVL system has been coated successfully. All four mirrors (Ml, M2, M3, M4) were Mo/Si-coated during a single deposition run with a production-scale DC-magnetron sputtering system. Ideally, the multilayer coatings should not degrade the residual wavefront error of the imaging system design. For the present EUVL camera, this requirement is equivalent to depositing multilayer coatings that would add a figure error of less than 0. 1 1 nm rms. In addition, all mirrors should be matched in centroid wavelength, in order to insure maximum throughput of the EUVL tool. In order to meet these constraints, the multilayer deposition process needs to be controlled to atomic precision. EUV measurements of the coated mirrors determined that the added figure errors due to the multilayer coatings are 0.032 nm mis (Ml), 0.037 nm rms (M2), 0.040 urn mis (M3) and 0.015 nm rms (M4), well within the aforementioned requirement of 0.1 1 nm rms. The average wavelength among the four projection mirrors is 13.352 nm, with an optic-to-optic matching of k=O.O1O nm. This outstanding level of wavelength matching produces 99.3% of the throughput of an ideally matched four-mirror system. Peak reflectances are 63.8% (Ml), 65.2% (M2), 63.8% (M3) and 66.7% (M4). The variation in reflectance values between the four optics is consistent with their high frequency substrate roughness. It is predicted that the multilayer coatings will not introduce any aberrations in the lithographic system performance, for both static and scanned images of 70 nm -dense features.
INTRODUCTION
Highly reflective, atomic-precision multilayer coatings have been the enabling technology for the development of extreme ultraviolet lithography (EUVL) as the leading next-generation lithography candidate. Today, it is believed that EUVL will be first implemented for high volume manufacturing to print features at -or below-70 rim and will have the potential of extendibility down to the 30-nm node1'2. EUVL tools are based on all-reflective system designs: they use multilayer mirrors for their illumination and projection systems, and have a multilayer-coated reflective mask. The Engineering Test Stand (ETS) is a prototype laboratory system currently operating at a wavelength of 13. 4 urn, developed to demonstrate full-field printing of EUV images and is described in References 3, 4. The ETS camera has a 4x-reduction, ring field design with a numerical aperture of 0. 1 and consists of four curved multilayer mirrors. Two sets of substrates have been manufactured and multilayer-coated for the ETS projection system. The first set (Set 1) is a developmental set of optics, designed to demonstrate printing of features down to the 100 nm size. The Set 1 projection mirrors are currently installed in the ETS and have successfully produced 100-nm resolution images3'4'5. The second -and final-set ofprojection optics for the ETS (Set 2) was designed with tighter substrate figure, finish and multilayer thickness specifications. The purpose of the Set 2 optics is to produce images of 70 nm-dense features. This manuscript discusses the coating and characterization of the four Set 2 multilayer mirrors for the ETS camera. 
MULTILAYER COATING REQUIREMENTS FOR THE ETS AND BEYOND
All multilayer coatings for the ETS projection system are required by the optical design to be uniform across the optic surface. There are several criteria that need to be satisfied when specifying thickness tolerances for multilayer-coated optics for lithography applications6. All specifications given below apply to the illuminated area of each mirror surface (clear aperture area) in the ETS camera. The clear aperture is defined for each ETS optic in Table 1 .
Throughput considerations
The ETS is an all-reflective system with multilayer coatings on four projection elements, two condenser assemblies of six elements each, and on the mask. All of these elements should be tuned to reflect at -or near-the same wavelength A, in order to obtain a substantial output signal from the camera. For a commercial EUVL tool, a spectral mismatch between the minors would translate to throughput reduction. Originally, a goal was set to match the reflectance peak position of all ETS optics to within AX = 0.055 nm, which would ensure at least 85% of system throughput compared to the ideal wavelength-matching case5. Meeting this goal requires atomic-level repeatability of the coating process from one deposition run to another. In addition to optic-to-optic wavelength matching, another throughput constraint is the tolerance on wavelength variation across the surface of any individual optic in the system. For maximum throughput, the multilayer should have its reflectivity peak at the same wavelength for all surface points on any given minor. If an arbitrary goal is set for ? to stay within 99% of the reflectivity peak for all points on the optic surface, then a Mo/Si multilayer operating at ?=13.4 nm is allowed to have its wavelength vary to within & = 0.05 nm, which is equivalent to having the wavelength, or the thickness, vary to within 0.37% peak-to-valley (P-V) across the surface.
Intensity variations
A reflectivity mismatch across any individual minor surface in the projection system results in intensity variations (apodization) of the reflected wavefront at the system exit pupil. In lithography terms, this effect causes loss of aerial image contrast and variations in the critical dimension (CD) of scanned images across the field, thus degrading the imaging performance. The tolerance for this effect was determined to be 0.2% P-v for wavelength (or thickness) uniformity across each ofthe four ETS Set 2 projection optics.
Figure errors
Wavefront enors due to multilayer thickness variations conesponding to long spatial frequencies (figure) introduce abenations which are detrimental to the overall performance of the imaging system. Such multilayer-induced enors can be decomposed into a compensable and a non-compensable part. What remains after aligning-out the compensable part of the thickness enor is the added (non-compensable) figure enor that the multilayer is contributing to the system, as is explained in Section 4. 1 . In order for multilayer coatings to not affect adversely the imaging system performance, their added figure enor should be negligible compared to the substrate figure enor. For the Set 2 substrates, the specification for the figure enor was 0.25 nm rms, as is shown in Table 2 . The maximum allowable added figure enor due to the Set 2 multilayer coatings was then set at 0.1 1 nm rms, which for a typical 280 nm-thick Mo/Si film conesponds to 0.04% rms (0.1% P-V).
Summary of coating tolerances for the Set 2 optics
The tightest among the constraints imposed to the multilayer thickness variation in Sections 2.1-2.3, are the 0.2% P-v thickness uniformity and the 0. 1 1 nm mis added figure enor requirements. Both these specifications have to be met independently for a given multilayer coating: the 0.2% P-V criterion is applied to the as-measured multilayer thickness profile, while the added figure enor is determined from the non-compensable portion of the as-measured profile (see Section 4.1). Satisfying the 0.11 nm rms added fiure enor constraint depends to a large degree on the "shape" of the thickness profile, i.e. profile shapes approaching a 2 order polynomial produce the lowest added figure errors. During the process of engineering the coating recipes for the four ETS Set 2 projection minors and testing various experimental profiles, it was concluded that the 0.1 1 nm rms added figure enor tolerance requires the tightest control on the coating thickness. For this reason, the Set 2 thickness profiles presented in Section 4. 1 are optimized for lowest added figure enor, rather than P-v uniformity.
Future tool requirements
The next generation of EUVL projection optics will be implemented in beta and production tools. Substrate figure requirements have been set at about 0. 1 nm mis for these systems. Consequently, multilayer-added figure enors of less than 0.05 nm rms should be achieved, a factor of 2 more stringent than the ETS camera requirements. Future tool designs include six-minor cameras, with the clear aperture for some of these minors extending up to 200 mm from the optical axis. The prescription for these elements may require graded coatings. In order to meet all these additional degrees of difficulty imposed on beta and production multilayer coatings, extremely sophisticated control of the multilayer film thickness would be required. The results presented in Section 4.1 are quite promising in this direction.
3. EXPERIMENTAL SETUP Table 1 : Geometry of the four ETS projection optics. Ml, M2 and M4 are sections of aspheres, with a maximum departure of a few im from a best-fit sphere, in the clear aperture area. Ml and M3 are convex (radius of curvature R is negative), while M2 and M4 are concave (R is positive). y0 is the distance between the optical axis and the center of the clear aperture and y, x, define the extent of the clear aperture, measured from its center. each spatial frequency range, the area under the PSD curve is used to determine the rms value of the roughness. Table 2 : Summary of figure and finish results in the clear aperture area of the delivered ETS Set 2 optics, compared to the specifications.
Optical substrates
The four projection optics substrates were made of ZerodurTM and were polished by SVG-Tinsley (Richmond, California). Table 2 system. High spatial frequency roughness (HSFR) corresponds to spatial periods below 1 rim, which are responsible for nonspecular scattering leading in reduced reflectance of the multilayer-coated optics and ultimately in loss of throughput of the lithographic tool. Visible-light interferometry, optical profilometry and atomic force microscopy measurements on several locations on the surface were used in order to construct the two-dimensional power spectral density (PSD) for each optic (see Figure 1 ). Through the PSD, an rms value for the roughness in each spatial frequency range was determined. Table 2 summarizes these results for the four Set 2 substrates. Substrate figure requirements were met for Ml , M3, and M4. A factor of 2 improvement in figure was achieved over the previously manufactured Set 1 substrates, expected to lead to enhanced resolution in the ETS performance with the Set 2 optics4. M2 underwent a figure deformation due to a machining operation and was accepted after it was verified that this type of deformation would not degrade the imaging performance of the ETS. MSFR values were improved for all Set 2 optics, compared to Set 1 optics4. On the other hand, the HSFR specification of 0.1 nm mis was not met for the Set 2 substrates, indicating a possible trade-off between the figuring and finishing processes. The values of HSFR are directly linked to the reflectance and scattering results from the multilayer-coated Set 2 mirrors, presented in Section 4 of this paper. The manufacturing and metrology of the ETS projection optics substrates are discussed in more detail in References 3, 4.
Multilayer deposition system
A newly acquired DC-magnetron sputtering system, shown in Figure 2 , was used at LLNL in order to coat the four projection optics (Ml, M2, M3, M4) of the ETS camera. This sputtering system was developed in partnership with Veeco Instruments, Inc. (Plainview, New York). It is a production-scale deposition tool, with a platter radius about 3 times larger than the platter radius of the laboratory tool that was used to coat the previous set (Set 1) of ETS projection optics5, as is demonstrated in Figure 3 . The size of the new tool allows the coating of large optics (four optics of up to 470 mm in diameter can be accommodated in the deposition chamber) and the off-center mounting and spinning of optics with the possibility of graded coatings. The new tool has a "sputter down" geometry, shown in Figure 2 (left), with five sputtering targets available. Figure  3 shows a pair of targets, placed 1 80° apart, which are used during a typical Mo/Si deposition run. The Mo source is operated at a power of 1000 W and Si at 2500 W. The Ar process gas sputtering pressure is typically at 1 mTorr. During a multilayer deposition run, the platter is rotating under the sources at a speed of about 1 rpm, while the individual substrates are simultaneously spinning around their centers, in order to average out spatial variations of the sputtering sources. The platter speed is modulated as each substrate passes under the Si and Mo targets, in order to achieve the desired multilayer thickness profile for each optic. Spinning velocities were set to 300 rpm (6 Hz) for the multilayer coatings discussed in this work.
Figure 3 (b) shows the deposition system configured to accommodate the ETS Set 2 imaging optics. The capacity of the deposition chamber allowed all four Set 2 optics to be coated during the same deposition run, insuring best optic-to-optic wavelength matching, as is going to be discussed in Section 4.1. The four Set 2 mirrors were spun around their optical axis and not around the center of their clear aperture, as was the case for the Set 1 coatings5. As is shown in Table 1 , the optical axis is outside the clear aperture area for minors Ml, M2, M4 and coincides with the center of the clear aperture only for minor M3. The advantage of the Set 2 coating geometry is that all thickness enors are rotationally symmetric around the optical axis and affect all field points in the same way, easing the task of compensating enors in the alignment of the ETS.
On the other hand, multilayer thickness has to be controlled at larger radii with the Set 2 coating anangement, thus, achievement of the desired thickness profile becomes more challenging.
R203 mm
R381 mm R660 mm The detector arm can be rotated 3600 around the axis of the reflectometer chamber. Once an optic is aligned, custom-designed software allows the operator to pre-calculate for each surface point a table of all coordinates of the sample stage, and program wavelength scans on multiple locations on the minor surface without any manual input needed in-between scans. The reflectometer used a Si photodiode detector, with an acceptance angle of 2.4°. All wavelength and reflectance measurements were obtained with a 0.002 nm and 0.2% (absolute) precision, respectivelyt. The EUV reflectance results are discussed in Section 4.1 . Offspecular EUV scattering was also measured for each ofthe four coated minors at the beamline 6.3.2. reflectometer. Scattered light was measured using a channel electron multiplier (CEM) with an acceptance angle of 0.24°. Up to 10 orders of dynamic range can be obtained with this instrument. In order to plot the scattering on an absolute scale, the incident intensity was measured with the Si photodiode and the efficiency of the CEM was measured relative to the photodiode using an intensity range where both detectors could be used. The detection efficiency of the CEM was thus determined to be about 5%. The scattering results are discussed in Section 4.2.
DISCUSSION OF RESULTS
4.1 Multilayer wavelength, thickness and reflectance results EUV reflectance vs. wavelength curves were measured for several locations on each minor surface. Measurements were performed at a fixed angle of incidence for each ETS minor: 4° for Ml, 6.55° for M2, 12° for M3 and 6° for M4 (all angles specified from normal incidence). The peak wavelength and reflectance were determined for each reflectance curve and the thickness profile for each multilayer coating was obtained from the measured values ofwavelength, normalized at an arbitrat The beamline 6.3.2. reflectometer has been upgraded since these measurements were performed. It currently delivers precision of 0.001 nm for wavelength and 0.05% (absolute) for peak reflectance in the Mo/Si range. See also Reference 8 in these Proceedings. ry point on the optic surface. As is explained in Section 3.2, all mirrors were spun around their optical axis during multilayer deposition. Therefore, it is expected that the coatings should be uniform along circles centered at the optical axis (this fact was also verified experimentally and is discussed later in this Section). Figure 4 displays the normalized thickness profile results as a function of radial distance from the optical axis, for all four ETS Set 2 projection optics. The P-v thickness uniformity specification of discussed in Section 2, was met for all four coatings. A portion of the non-uniformity, represented by a linear and a spherical change in thickness across the optic surface, can be compensated during alignment of the system by performing rigid body motions and focus shifts of the mirrors. The added (non-compensable) figure error is what remains after subtraction of the compensable part from the measured thickness profile curve. This difference is plotted in Figure 4 as the thickness error (in nm) that a 280 nm multilayer film is contributing at each location on the optic surface. The standard deviation of this difference, weighted with the illuminated area corresponding to each radial point on the optic surface, is the rms added figure error that is given for each mirror in Figure 4 . The coating strategy was to minimize this noncompensable component for all four mirrors. The added figure errors due to the multilayer coatings were thus determined to be 0.032 nm rms (Ml), 0.037 nm rms (M2), 0.040 nm rms (M3) and 0.015 nm rms (M4), well within the requirement ofO.1 1 nm rms, discussed in Section 2. The peak wavelength of each optic, weighted across the clear aperture area, was found to be 13.355 nm (Ml), 13.347 nm (M2), 13.363 nm (M3) and 13.342 nm (M4), resulting in an average wavelength of 13.352 nm for the projection optics system, with an optic-to-optic matching of 1=O.O1O nm. This level of wavelength matching yields Figure 4 . A 2.5% variation in absolute reflectance across the M2 surface indicates that the M2 substrate has the least uniform finish among the four ETS Set 2 projection optics. On the other hand, M4 has the most uniform substrate finish with 0.6% variation in reflectance across the clear aperture area.
99.3% of the throughput of an ideally matched four-mirror system and is an improvement over the wavelength matching of 1=O.O32 iim (96% of throughput) achieved for the Set 1 optics5. The improvement is mostly due to the fact that all four Set 2 optics were coated during the same deposition run with the new DC-magnetron system, while the Set 1 optics had to be coated one-at-a-time, due to size limitations of the previous deposition system that was available, as shown in Figure 3 .The outstanding levels of wavelength matching obtained for both Set 1 and Set 2 mirrors have by far exceeded the 85% throughput expectations set in Section 2.1 and thus have eliminated wavelength mismatch as a factor contributing to significant loss ofthroughput in the ETS system.
Peak reflectances were measured at 63.8% (Ml), 65.2% (M2), 63.8% (M3) and 66.7% (M4) at the center of the clear aperture of each optic. The variation in reflectance values among the four optics is consistent with the rms high spatial frequency roughness values of their substrates, and was verified through atomic force microscopy characterization of the substrates prior to coating and scattering measurements of the coated optics. These results are discussed in Section 4.2 and summarized in Table 3 . In addition to the radial direction shown in Figure 4 , reflectance measurements were obtained in several other directions on each minor surface, in order to construct two-dimensional contour maps of peak wavelength and reflectance, as shown in Figure 5 . The wavelength information contained in the two-dimensional contour maps can also be derived from onedimensional data such as those in Figure 4 , using the rotational symmetry of the coatings around the optical axis; the wavelength contour maps just confirm this symmetry. The reflectance values, on the other hand, are strongly influenced by the high frequency roughness of the Zerodur substrates and therefore provide useful information about the substrate finish topography of each mirror. Reflectance variations across the surface of a multilayer-coated optic indicate varying levels of roughness on the underlying substrate (assuming that the wavelength remains uniform across the surface, as is the case for the ETS coatings). As an example, measured contour maps for mirrors M2 and M4 are shown in Figure 5 . After producing contour maps for all four Set 2 mirrors, it was determined that reflectance varied within the clear aperture area by 0.7% (Ml), 2.5% (M2), 1% (M3) and 0.6% (M4), all values absolute. These results are in agreement with atomic force microscopy measurements obtained on isolated points on each optic surface prior to coating. Reflectance variations across the illuminated area of a given optic are undesirable since they cause intensity variations (apodization) in the system exit pupil, which may degrade the performance of the imaging system. Simulations using the measured reflectance maps of the four ETS Set 2 mirrors predicted a <1% loss in contrast and a correctable CD variation of < 1 nm across the 24 mm image field, for 70-nm scanned lines. Thus, apodization effects due to varying substrate roughness in the ETS camera will be negligible. In the fiJture, specifications will be set for the substrate finish uniformity of beta and production tool optics (in addition to the rms specifications), in order to prevent such problems in the lithographic performance of commercial systems.
EUV scattering results
The angular distribution of non-specularly scattered light was measured for each of the four coated mirrors. Measurements were performed at the nominal angle of incidence of each of the mirrors in the ETS camera, at the peak wavelength previously determined from the EUV reflectance measurements discussed in Section 4. 1 . Scattering results from the M4 mirror are shown in Figure 6 . The experimental data are in excellent agreement with the predicted distribution. The predicted distribution was calculated with the distorted wave Born approximation9 using the measured PSD of the substrate. The effect of the multilayer was included using a linear growth model by Stearns10. For scattering angles below about 6 degrees the angular distribution is proportional to the PSD. For angles larger than 6 degrees the scattering drops off faster than the PSD since light scattered from the individual interfaces within the multilayer no longer adds in phase. The scattering was also measured for the other mirrors and good agreement was obtained with the predicted distribution. Angular scattering was integrated over all angles in two dimensions in order to obtain the total integrated scattering (TIS), expressed as loss in absolute reflectance. Table 3 gives a summary of these results. The difference in the amount of scattering between the four mirrors is caused by the difference in the HSFR values of the mirror substrates. All measured results are consistent with each other, meaning that the optics with the lowest substrate roughness exhibit the lowest amount of scattering and the highest peak reflectance values. The only exception is the TIS from mirror M3, where scattering appears somewhat lower than would be anticipated from the substrate HSFR value. The non-specular scattering measurements for each of the mirrors provide an Table 3 : Measured high frequency roughness (HSFR) of the substrate, peak reflectivity (Rmax), and total integrated scattering ( TIS) for the four ETS Set 2 camera mirrors. The sum of Rmax and TIS gives the mirror reflectance assuming an ideally smooth substrate.
CONCLUSIONS
The four ETS Set 2 projection mirrors have been successfully multilayer-coated and characterized by means of EUV reflectance and EUV scattering measurements. Outstanding levels of wavelength matching and thickness uniformity were achieved for all mirrors. Added figure errors due to the multilayer coatings were maintained well within the 0. 1 1 nm rms specification. The measured results were implemented in calculations and it was verified that the Set 2 multilayer coatings will not contribute any aberrations in the printing of 70-nm dense features by the ETS camera.
